The objective of the USDA / Cornell apple rootstock breeding project is to develop pomologically excellent rootstocks with resistance to biotic and abiotic stresses. Progeny of controlled crosses were selected for fire blight resistance following direct inoculation of seedling shoots with Erwinia. amylovora. Recently 3 rootstocks, 'Geneva (G.) 11', 'G.30', and 'G.16' were released for commercial sales and several other selections are in the final stages of evaluation. To compare their resistance with that of other apple rootstocks, liners of 48 different rootstocks were grown in the greenhouse, inoculated with differentially virulent strain E4001a and other highly aggressive E. amylovora strains, and the percent of the current season's shoot length blighted (SLB) calculated. The rootstocks most susceptible to direct inoculation were 'Budagovsky (Bud.) 9' (88%
INTRODUCTION
Fire blight infection of susceptible apple rootstocks, such as 'Malling (M.) 9' and 'M.26', frequently results in necrosis of the rootstock crown and tree death. Fire blight infection of the rootstock can occur by several different avenues including infection of rootstock suckers, basipetal internal movement of bacteria through healthy scion tissue, and direct infection of the rootstock crown through breaks or wounds in the bark. Rootstock infection has been one of the most economically devastating phases of fire blight for apple growers in New York, Ohio and Michigan. A survey conducted in New
360
York during the 1996/1997 growing season identified several commercial orchard blocks with a 10% incidence of rootstock infection (Momol et al., 1997) . For trees in their 4 th leaf, total economic loss from a 10% tree loss was estimated to range from $1,600 to $3,500 per acre, depending upon tree density. These high economic losses result from the cost of tree replacement, lost investment in tree maintenance, and reduced productivity of the block for several years until replacement trees mature.
The objective of the USDA / Cornell apple rootstock breeding project is to develop pomologically excellent rootstocks with resistance to biotic and abiotic stresses. Resistance to Erwinia amylovora has been a major objective in the selection of these rootstocks. Although resistant rootstocks do not prevent fire blight infection of susceptible scion cultivars, they do prevent tree loss due to rootstock infection. Progeny of controlled crosses were selected for fire blight resistance following direct inoculation of seedling shoots with E. amylovora. The rootstocks 'Geneva (G.) 11', 'G.30', and 'G.16' have been released for commercial use. All three rootstocks produce trees that are early bearing and highly productive (equal to 'M.9' in most tests). 'G.16' produces a tree in the 'M.9' size class that is very early bearing. 'G.16' is resistant to both fire blight and Phytophthora. Its negatives include sensitivity to common latent viruses, difficult propagation, and susceptibility to woolly apple aphid. 'G.11' produces a tree in the 'M.26' size class. It is moderately resistant to fire blight and Phytophthora, and moderately susceptible to woolly apple aphid. 'G.30' produces a tree in the 'M.7' size class. It is resistant to both fire blight and Phytophthora. Its negatives include sensitivity to common latent viruses, presence of many spines and feathers in the nursery making it costly to propagate, and susceptibility to woolly apple aphid.
Although the 'Geneva' rootstocks are known to be resistant to direct shoot inoculation with E. amylovora strains Ea273 or E4001a, it was not known if these apple rootstocks are resistant to infection by E. amylovora through other avenues under orchard conditions or if they would be resistant to other highly aggressive strains of E. amylovora. The purpose of this study was to evaluate the resistance of the 'Geneva' rootstocks and advanced selections of the breeding program as rootstocks of grafted trees grown under orchard conditions, and to compare their resistance with that of other apple rootstocks when inoculated with the differentially virulent strain E4001a and other highly aggressive E. amylovora strains.
MATERIALS AND METHODS

Potted Plants
Rootstocks were evaluated in the greenhouse for their resistance to fire blight by direct inoculation of vigorous shoots with one to four strains of E. amylovora: Ea273, a standard NY strain previously used for evaluation of cultivar resistance (Aldwinckle and Preczewski, 1976) ; E2002a, a highly aggressive strain (Norelli et al., 1984; Paulin et al., 1993) ; E4001a, differentially virulent to M. x robusta 'Robusta 5' (Norelli et al., 1986) , and E2017p, reported to be virulent to 'G.11' (J.A. Cline pers. comm.). Stoolbed propagated liners (rooted, hardwood shoot cuttings) obtained from various suppliers were potted in cylindrical pots containing a peat and vermiculite soil mix, and trained to a single shoot. Shoots, at least 15 cm in length and in a stage of vigorous growth, were selected for inoculation on 16 Jun 2000. Due to a limited supply of many of the rootstocks, not all rootstocks were inoculated with all four strains. If less than 20 shoots were available for inoculation a minimum of five shoots were inoculated with each specific strain. The priority of strain selection for shoot inoculation was first Ea273, then E2002a, then E4001a, and finally E2017p.
Inoculum consisted of 18h-old shake-cultures grown in Kado 523 broth (Kado and Heskett, 1970) at 28 o C. The concentration of inoculum was estimated by absorbance at 620 nm using a standard curve and adjusted to the desired concentration by dilution with sterile 0.05M potassium phosphate buffer, pH 6.5. Inoculum was maintained on ice and was used for plant inoculation within 2 h of dilution. Shoots were inoculated by transversally bisecting the two youngest actively growing leaves with scissors dipped in a suspension of E. amylovora (1 X 10 9 cfu ml -1 ). Current season's shoot length and length of necrotic lesion were measured on 5 Jul 2000. The necrotic lesion length was divided by the current season's shoot length to calculate the proportion and percentage shoot length necrotic, and used as the measure of plant resistance. Individual plants were the unit of replication. GLM (SAS Institute Inc.) of the proportion of the shoot length necrotic was used to analyze treatment effects. Since the analysis indicated a significant rootstock by strain interaction, differences in rootstock resistance were analyzed for each strain using a Waller-Duncan K-ratio T test.
Orchard Trials
Rootstocks of grafted fruiting trees were evaluated for their resistance to E. amylovora when grown in orchards subjected to a blossom blight epiphytotic incited either by controlled blossom inoculation or natural blossom infection. To establish the orchard rootstock liners were planted in a nursery, bud chip grafted with the ; 'Royal Gala' scion (Summer 1995), grown in the nursery for one season, dug (Fall 1996) , graded and stored. Orchards were planted at the Research North Farm of the NYS Agricultural Experiment Station, Geneva (inoculated block) and the Ray Smith Farm, Geneva, NY (natural infection) in a randomized block design (Spring 1997) that was blocked based upon trunk diameter. Trees were grown under recommended commercial orchard practices, trained to a central leader, and provided with post support.
Trees at the Research North Farm all bloomed heavily in 1999 and open blossoms were spray-inoculated with E. amylovora strain E4001a using a backpack sprayer. To compensate for rootstock effects on the time of bloom and rootstock effects on the number of blossoms on 1-year-old wood, which tend to bloom later, trees were inoculated twice, 12 May 1999 and 17 May 1999, with 1.0 X 10 7 and 1.4 X 10 6 cfu / ml, respectively. The inoculum concentration was reduced for the second inoculation date due to the forecast of warmer weather conditions more favorable for blossom blight development.
During the 2000 growing season an epidemic of rootstock blight resulting from natural blossom infection occurred in the Ray Smith Farm block. Blocks of 'Jonagold', 'Spartan', and 'Cortland' trees on 'M.9' rootstock adjacent to the trial block sustained 60-80% incidence of rootstock blight.
RESULTS AND DISCUSSION
Potted Plants 'M.9' and 'M.26' were highly susceptible to direct inoculation by all four strains of E. amylovora and 'M.7' was significantly more resistant than 'M.9' and 'M.26'. The resistance of 'G.30', 'G.16', and 'G.11' to direct inoculation was statistically indistinguishable from 'M.7' but the 'Geneva' rootstocks were usually numerically more resistant than 'M.7'. 'Bud.9' was evaluated as the most susceptible rootstock when vegetative shoots of rootstock liners were inoculated in the greenhouse, but surprisingly it did not develop any rootstock blight in either orchard trial. 'Vineland 2' and 'Vineland 7' were significantly more resistant than 'M.26' but were significantly more susceptible than 'M.7', while 'Vineland 1' and 'Vineland 4' were not significantly different from 'M.7' although they were numerically more susceptible than 'M.7'. The resistance of 'Supporter 4' was statistically indistinguishable from that of 'M.26'.
When shoots of rootstock cultivars were inoculated with different strains of E. amylovora significant strain by rootstock interactions were observed in the amount of fire blight that resulted from inoculation. Those interactions were clearly differential and could not be explained by the greater aggressiveness of strain E2002a since some rootstocks, such as 'MM.106' and 'Support 4', were evaluated as significantly more susceptible when inoculated with the less aggressive strain Ea273 than when inoculated with the highly aggressive strain E2002a. Conversely, when 'Robusta 5' progeny 'CG.3007' was inoculated with strains E4001a and E2002a it was ranked significantly more susceptible in comparison to other rootstocks than when they were inoculated with strains Ea273. 'G.11', 'G.30', and 'G.16 ' were resistant to all four strains used for inoculation in a non-differential manner, even though many, including 'G.11' and 'G.30', are progeny of 'Robusta 5' that is known to be differentially susceptible to strain E4001a. These rootstocks were selected and/or evaluated using a pooled mixture of different strains, and their resistance to individual strains indicates that pooled strains of E. amylovora can be used successfully to select for resistance to several strains of differing virulence (Norelli et al., 1987) . Resistance effective against strains of different virulence patterns (or races) should be more durable than that selected against a single strain.
Orchard Trials
When grown as rootstocks of fruiting trees in the orchard, 'M.9' and 'M.26' were highly susceptible to rootstock blight with 40% to over 90% of the trees dying within the first year following a fire blight epidemic initiated either by blossom inoculation or natural blossom infection. 'MM.111', 'Bud.9', 'G.16', and 'G.30' were resistant to rootstock infection under orchard conditions. Considering the high level of resistance of 'G.11' against all strains of E. amylovora in the greenhouse trial, it developed more disease than expected in both orchard trials (approximately 25% of the trees diseased). However, in comparison to disease development in 'M.9' and 'M.26' clones (70 to 100% tree death in the blossom inoculated trial) the level of resistance in 'G.11' should be commercially useful under conditions of lower disease pressure.
